Knowledge of copepod in situ diet is critical for accurate assessment of trophic linkages and transfer efficiencies of the marine food web but is limited due to technical challenges. Here we report, using a recently developed eukaryote-universal copepod-excluding ectobiotic ciliate-blocking protocol, to investigate the natural diets of the copepods Temora turbinata, Subeucalanus subcrassus and Canthocalanus pauper in coastal waters in Sanya Bay, China. Analysis of the resultant 18S rDNA clone libraries revealed diverse diet composition for all the three copepod species, with 11 prey species for C. pauper, 9 for T. turbinata and 9 for S. subcrassus. The ingested materials included land plants, green algae, Metazoa, Euglenozoa and Rhizaria, although species numbers from each of these lineages differed. Broussonetia sp. (land plant), which might have been ingested in the form of pollen or fresh detritus were common among all three copepods, and accounted for a significant proportion (.55%) of the clones sequenced. These results suggest that copepods in Sanya coastal waters might use terrigenous detritus as supplementary food sources when phytoplankton production is limited. However, the significance of the plant detritus as a nutrition source of these copepods remains to be determined by analyzing carbon-based proportion and digestion/assimilation rate of the ingested plant materials.
I N T RO D U C T I O N
Knowledge of trophic relationships between copepods and other plankton is critical for understanding pathways of marine carbon flow, as copepods are the most abundant metazoan grazer in the ocean and occupy a pivotal position within pelagic food webs (Verity and Smetacek, 1996) . They can utilize a wide range of diets, including phytoplankton, microzooplankton, eggs and larvae of aquatic organisms, and detritus (Kleppel, 1993) . As shown in previous laboratory experiments, copepod grazing is influenced by the ambient food environment and feeding mode varies depending on prey available (Kiørboe et al., 1996) . Yet, copepods do select for diet with higher nutritional values such as ciliates and dinoflagellates (Broglio et al., 2003) . However, all these feeding patterns were observed under high food conditions in incubation-based laboratory or field experiments. While information from incubation experiments has constituted the backbone of marine planktonic trophic ecology, it falls short in documenting the full range of the trophic linkages among the complex components of the pelagic ecosystem in the natural environment. To alleviate the inadequacy, data on copepod natural (i.e. incubation-free) diet composition in situ are required.
Coastal seas typically receive high levels of nutrient runoff, creating the potential for rapid assimilation by phytoplankton and high primary production cascading to high copepod-dominant zooplankton biomass. In some estuarine bays, total zooplankton density can be as high as 3.2 Â 10 4 ind. m 23 of which copepods account for 32-95% (Morales and Murillo, 1996; Heidelberg et al., 2004) . Sometimes high zooplankton biomass occurs in regions with high concentration of suspended particulate matter, even though primary production is limited due to low light or nutrient availability. One example is Sanya Bay, a typical tropical bay located in the southernmost coast of Hainan Island in the South China Sea. With an area of about 120 km 2 and mean depth of 16 m, the bay features several coastal coral reefs situated at Luhuitou, Dongmao Island and Ximao Island (Huang et al., 2003) . In the east of Sanya Bay, Sanya River brings terrigenous materials at about 1900 mg cm 22 a
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, accounting for 44.5% of total sediments (Zhao et al., 2013) . High zooplankton diversity is usually observed with an average annual biomass of 129 mg m 23 ( 121.38 ind. m 23 ) (Yin et al., 2004) , and dominated by copepods, which are considered the main consumers of primary production in this system . However, it has been reported that in the coastal coral reef near Luhuitou, the average phytoplankton biomass is low (with an average Chlorophyl a concentration of about 0.95 mg m 23 ) (Song et al., 2011) , indicating that copepods might be food-limited as reported in the nearshore waters of the Great Barrier Reef (Mckinnon et al., 2005) . Under these conditions, terrestrial detritus has been suspected to be potential alternative food source to support zooplankton biomass (David et al., 2006; Schofield et al., 2013) . Although detritus feeding is well recognized for copepods (Roman, 1984; Schnetzer and Steinberg, 2002) , the origin of the detritus is less clear. In situ diet information for natural populations of copepods in these regions is required to provide evidence for the terrestrial-derived detritus hypothesis.
DNA-based molecular techniques have been applied to study copepod feeding and show increased species specificity and sensitivity over traditional methods (Troedsson et al., 2009) . To gain a complete picture of diet composition, universal primers developed from conserved regions of the rRNA gene (rDNA) would be most useful. However, with universal primers, copepod rDNA usually dominates the amplicon, even if guts of the copepods are isolated for analysis. Recently, a protocol was developed in which eukaryote-universal primers were designed from the region of 18S rDNA that is highly conserved in general but distinct in copepods (Guo et al., 2012; Hu et al., 2014; Huang et al., 2014) . The aim of developing the protocol was to retrieve rDNA of a wide range of eukaryotes when DNA extracted from whole copepod bodies is used as the template. Initial use of the protocol on DNA extracted from whole copepod bodies has led to the discovery of widespread ectobiotic ciliate infestation of copepods (Guo et al., 2012) , which prompted us to design an ectobiotic ciliate-blocking primer. The copepod-excluding ectobiotic ciliate-blocking (CEEC) protocol has been tested against laboratory fed and field-caught copepods, which verified that the protocol was generally effective although a small amount of copepod amplicon (,1.5%) could still be detected (Hu et al., 2014) . In this study, three dominant copepod species, Temora turbinata, Subeucalanus subcrassus and Canthocalanus pauper, were collected from coastal waters of Sanya Bay to examine the diet composition using this PCR protocol. Subeucalanus subcrassus is one of the most important macro-zooplankton species contributing to a large fraction of zooplankton biomass year round, while C. pauper and T. turbinata are abundant meso-zooplankton in summer. This study aimed to explore the dichotomy between the limited primary production and relatively high zooplankton stock in Sanya Bay, and to understand the feeding strategy of copepods that enables them to survive and thrive in the nutrient-poor coastal ecosystem.
M E T H O D Sample collection
Copepods and ambient water samples were collected at the S4 station (109828.799 0 E, 18813.199 0 N) at dusk near JOURNAL OF PLANKTON RESEARCH j VOLUME 37 j NUMBER 2 j PAGES 363-371 j 2015
Luhuitou coral waters in Sanya Bay on 21 July 2010 (Fig. 1) . Water samples (500 mL) were collected using a Niskin bottle and copepod samples with a plankton net (505-mm mesh) towed horizontally for 5 min and 1 -2 m below the surface. To prevent changes in ambient plankton communities and copepod gut contents in the sampling process, these samples were fixed on site immediately in neutral Lugol's solution at 2% final concentration (Guo et al., 2012; Hu et al., 2014) . Neutral Lugol's (no acetic acid added) has been shown to be effective in preserving samples for DNA in phytoplankton (e.g. Zhang and Lin, 2005) and other organisms associated with copepods (Guo et al., 2012; Hu et al., 2014) . In the laboratory, T. turbinata, S. subcrassus and C. pauper were identified and 30 females of similar size were sorted using a wide-bore plastic pipette under stereomicroscope Leica S8APO. The sorted copepods were serially rinsed three times thoroughly with autoclaved 0.45 mm-filtered seawater, examined under stereomicroscope to ensure no attachment of other visible organisms on the body surface and appendages, and stored at 280 8C after seawater was removed.
Microscopic analysis of water samples
Water samples were mixed by gentle inversion and a 50 mL subsample was taken into a 50 mL centrifuge tube to allow plankton cells to settle for .24 h. Each sample was concentrated to 1 mL according to the Utermöhl Settling method. From the concentrated samples, plankton were identified and enumerated in a Sedgwick-Rafter counting chamber under an Olympus BX51 microscope.
DNA analysis of copepod diets
A previously reported procedure was followed (Hu et al., 2014) . Briefly, the 280 8C-frozen copepod samples (30 individuals together for each species) were homogenized in a microfuge tube using a disposable micro-pestle. The homogenates were re-suspended in 500 mL DNA extraction buffer (1% SDS, 100 mM EDTA and 200 mg mL 21 proteinase K) and incubated for 2 days at 558C for thorough cell lysis, and DNA from all samples was extracted following a CTAB protocol (Zhang and Lin, 2005) . The DNA samples were PCR amplified using CEEC primer set, which included a pair of copepod-excluding 18S, F2R2 (F2: 5 0 -AGCAGGCGCGHAAATTRCCCAAT CY-3 0 and R2: 5 0 -CCGTGTTGAGTCAAATTAAG CCG-3 0 ) (Guo et al., 2012) , and a blocking primer, ciliate18Sblk2 (5 0 -CCCAATCCTGATCCAGGGAGGT AGTGACAAGAAATAACAACCTAGTCGCAAGACAC ACC-3 0 ). The ciliate-blocking primer was designed from the 18S rDNA region that was unique to apostome ciliates with several mismatched nucleotides at the 3 0 end to prevent amplification (Hu et al., 2014) . The key copepod-excluding positions were at the last two nucleotides of the forward primer (F2), and the primer pair was expected to amplify a fragment of 775 bp, spanning from position 418 to 1193 in the full length 18S rDNA in the diatom model species Thalassiosira pseudonana (GenBank accession number AJ535169). The PCR amplifications were concentrated using Zymo DNA Clean & ConcentratorTM-25 Kit, then the target bands ( 0.8 kb) were recovered from 1% agarose gel using Zymoclean TM Gel DNA Recovery Kit (ZYMO RESEARCH). The purified PCR products were ligated into PMD18-T vector (TaKaRa), transformed to DH-5a competent cells (TaKaRa) and 25-30 clones were randomly picked for each sample and sequenced (Invitrogen sequencing company).
Bioinformatic analysis
Sequences obtained were searched against the GenBank database using the Basic Local Alignment Search Tool (BLAST). The best hits were aligned with new sequences obtained in this study using CLUSTAL W (1.8) after the primer sequences were trimmed. The resultant alignment was imported into MEGA 6.0 to identify the best-fit nucleotide substitution model. The best-fit model Kimura 2 with gamma distribution (K2 þ G) was then employed for Maximum Likelihood (ML) analysis. The reliability of the tree topology was evaluated using bootstrap analysis with 1000 replicates for ML analysis (Hu et al., 2014) . Simple diversity indices were estimated using Past 3.05 (http://folk.uio.no/ohammer/past/).
R E S U LT S Ambient water phytoplankton community
The water samples were examined under the microscope to identify and enumerate plankton. Twenty-seven different species were observed, including 25 species of diatoms and 2 species of dinoflagellate. Diatoms dominated the community, accounting for 92.31% in species number and 99.99% in cell abundance. We found four Rhizosolenia species and three for each of Biddulphia and Chaetoceros. Pseudo-nitzschia pungens was the most abundant species at a cell density of 1.27 Â 10 4 cells L
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, accounting for 91.4% of the whole phytoplankton community, while the cell densities of other species were all ,10 2 cells L
. The total phytoplankton abundance was low (,1.4 Â 10 4 cells L
).
Diet compositions in the three copepods 18S rDNA clone libraries were constructed for diet analyses of S. subcrassus, T. turbinata and C. pauper, and 25-30 clones were randomly picked and sequenced initially for each library. More clones were going to be sequenced if results showed inadequate coverage of diversity. The results revealed taxonomically heterogeneous diet compositions in these copepods (Fig. 2) . Taxon accumulation plots showed a decelerating trend of taxon increase, revealing a total of 9, 9 and 11 taxa of prey in the S. subcrassus, T. turbinata and C. pauper, respectively (Fig. 3) . However, Chao1 estimates indicated that the actual numbers of taxa were likely to be 24, 9 and 18, respectively (Table I) . Despite the incomplete recovery of the entire diet diversities in two of the three copepod species, the taxa we found in the samples consisted of a wide phylogenetic range of organisms, including marine algae, metazoans, protozoans and fungi as well as land plants (Fig. 2) . In general, phytoplankton were least represented in the clone libraries, with the prasinophyte Pyramimonas (97% identity to KF422628.1) and Prasinopapilla vacuolata (100% identity to AB183649.1) detected only in T. turbinata, accounting for 14% of the clone library (Table II) . Several euglenozoid taxa were detected in C. pauper, which were Kinetoplastid-like (84% identity to AF174380.1) and Neobodo-like (85% identity to DQ207583.1) unknown species based on BLAST results, likely non-photosynthetic species (Fig. 4) . They made relatively small contribution to the clone libraries. Also notable in the clone libraries (Table II) were several species of fungi, such as Cladosporium sp. (94-99% identity to KM222206.1) recovered in all three copepods, and Davidiella-, Psathyrella-, Aureobasidiumand Malassezia-like species distributed in different copepod species (Fig. 4) . Metazoans were also present, with Funchalia villosa detected in both T. turbinata and C. pauper, while Flaccisagitta enflata and Oikopleura-like species only detected in C. pauper (Fig. 4) . Surprisingly, the clone libraries for all the copepod species were dominated by rDNA of land plants. Broussonetia papyrifera-like plant species (92-100% identity to JF317359.1) were the most abundant group, consisting of 55, 57 and 57% of total clones from S. subcrassus, T. turbinata and C. pauper, respectively (Figs 4; Table II ).
D I S C U S S I O N
The molecular approach is superior for detecting diet composition over traditional incubation-based feeding experiments because it is not limited by prior knowledge and availability of possible prey species. Able to retrieve species identity from partially digested or broken pieces of prey individuals, the molecular approach is also more sensitive and accurate in identifying prey species than gut content analysis by microscopy or fluorescence. In addition, DNA sequences provide markedly higher taxon resolving power than fluorescence. Therefore, the number of studies applying molecular methods to analyze diets of copepods (Nejstgaard et al., 2003 (Nejstgaard et al., , 2008 Troedsson et al., 2009; Boling et al., 2012) and other zooplankton (Martin et al., 2006) have increased rapidly in recent years. Furthermore, the development of copepod-excluding primers, combined with an ectobiotic ciliate-blocking primer, allows direct analysis of DNA extracted from copepod whole bodies, eliminating the tedious procedure of isolating gut contents. The use of a blocking primer can be extended to other organisms intimately associated with the copepod being studied as long as a distinct tract of sequence can be identified for the ectobiotic (or endobiotic) organisms. The initial application of our protocol has previously revealed unsuspected prey in various copepod species, e.g. dominant ctenophores and hydrozoids along with various algae and mollusks for Calanus sinicus from the East China Sea (Huang et al., 2014) and tunicates, cladocerans, ophiuroids (brittle stars) and various algae for C. pauper from the South China Sea (Hu Fig. 2 . Phylogenetic affiliations of the diet organisms in the three copepod species analyzed in this study. ML tree was inferred from 774 bp fragment of the 18S rDNA in S. subcrassus, T. turbinata and C. pauper gut contents, which are denoted by different symbols. Also included in the analysis were organisms closely related to copepod diet organisms identified in BLAST analysis, which are shown as species name followed by GenBank accession number. For comparison, several copepod sequences (underlined) were also included in the tree. Branch thickness depicts the strength of bootstrap support of the corresponding node, as shown on the right. The scale bar indicates the substitutions rate per nucleotide. Tree is rooted with Rat sp. (M11188.1). S4, Station S4; Can, C. pauper; Sub, S. subcrassus; Tem, T. turbinate. The numbers represent different phyla in each copepod. 
Prey diversity
A total of 16 distinct taxa (genera or species) of prey were represented in the copepod diets, 9 phyla in T. turbinata, 9 phyla in S. subcrassus and 11 phyla in C. pauper. Overall, the diets of these copepods are generally diverse but not extraordinarily so. Most strikingly, very limited lineages of algae (chlorophytes and dinophyceae only) were detected. This can be due to the small sequencing scale used in the study, selective grazing or preferential digestion of algae. The former is not so likely, however, because our rarefaction curves indicated the number of taxa retrieved from our sequenced gene clones for each of the three copepod species had reached or approached a plateau (Fig. 3) . Although phytoplankton abundance in the water samples as examined microscopically was relatively low, there was a reasonable diversity in the phytoplankton assemblage. It is currently unclear whether selective grazing or differential rate of alga digestion is the major contributing factor for the low algal diversity observed in the diets. S4, Station S4; Can, C. pauper; Sub, S. subcrassus; Tem, T. turbinata. The numbers represent different phyla in each copepod.
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Some prey organisms detected by the DNA-based molecular method in this study, such as metazoans and microzooplankton, have been observed in earlier microscopic studies (Kleppel, 1993) . A previous study using gut content analysis demonstrated that copepods prey on metazoans such as chaetognaths and cnidarians (Schnetzer and Steinberg, 2002) . The macrura larva of shrimp was the most abundant planktonic larvae group in our study area (Yin et al., 2004) , so the shrimp detected might have originated from detritus derived from larva remains of these shrimps. The appendicularian Oikopleura sp. was also a component of the zooplankton community in Sanya Bay and their mucus houses are believed to be important in the carbon cycle, as they can be consumed by copepods, ostracods and krill (Alldredge, 1976) . Furthermore, eggs and juveniles of Oikopleura dioica could be actively consumed by various copepod species, such as Calanus helgolandicus and Temora longicornis (Lopez-Urrutia et al., 2004) . Therefore, the Oikopleura sp. detected in our study may be their eggs or juveniles. It is also not surprising that some rhizarian (a group of radiolarians) organisms were detected in our study, because radiolarians are common in marine plankton, and their skeletal remnants had previously been found from copepod gut content analysis (Schnetzer and Steinberg, 2002) . In addition, two unclassified euglenozoans (Kinetoplastid-and Neobodo-like) were also detected in our study. Euglenozoa is a large group of flagellate protozoa and 15-40 mm in size (Farmer, 2008) , so they may be grazed by copepods directly.
A substantial group represented in the 18S rDNA clone libraries was marine fungi, mainly from the genera Cladosporium, Psathyrella, Malassezia, Davidiella and Aureobasidium, but their trophic relationship with marine crustaceans, especially copepods, has not been thoroughly studied (Richards et al., 2012) . Fungi were abundant in coastal waters, as free-living forms or in association with phytoplankton, planktonic particles or organic aggregates, which might play an important role in promoting efficient conversion of particulate organic matter (POM) to dissolved organic matter (Wang et al., 2014) . Using DNA as bio-marker, sequences of fungi had been detected in the guts of European eels (Anguilla anguilla), but the researchers were unsure about the prey-predator relationship considering their complex trophic interactions with other marine organisms (Riemann et al., 2010) . Further studies are needed to fully uncover the trophic relationship between copepods and fungi in marine ecosystems.
Terrigenous plant detritus as food and implications of feeding strategies in coral reef copepods
The most prevalent constituent of our copepod diets was terrigenous plants, accounting for .55% of the dietderived 18S rDNA clone libraries in all three copepods. The taxonomic identities revealed by DNA sequences indicated that these source plants were all common tropical/subtropical species, which occur around Sanya Bay. Some previous work reported that pollen could stimulate zooplankton growth when heterotrophic microorganisms were present (Masclaux et al., 2011) . The pollen of these plants is in the range of optimum prey size for all these three copepod species, and was abundant during our sampling time (Zheng et al., 2002) , hence, could contribute to the diet.
In addition to pollen detritus, other types of terrigenous detritus have also been reported to support growth of zooplankton (e.g. copepods) as subsidized food (Heinle et al., 1977; Roman, 1984) . In Bahía Blanca Estuary, where organic detritus dominated POC in late spring, 48% carbon from terrestrial POC was consumed by copepods (Diodato and Hoffmeyer, 2008) . In Sanya coastal reef waters, phytoplankton biomass was very low while the fraction of terrigenous POM in the sediment amounted to 66.9 + 1.6% (Li, 2011) ; therefore, terrigenous POM might also be a critical supplementary food source for copepods.
Among all the land plant species represented in our copepod diets, B. papyrifera-like species contributed 55-57% of our 18S rDNA clone libraries. There is a possibility that the higher contribution of B. papyrifera in the diet is due to its higher 18S rDNA copy number. The genome size of B. papyrifera has been found to carry 1.42 pg (roughly equivalent to gigabases) of DNA (Ohri and Kumar, 1986) , substantially larger than most common species of diatoms (typically tens to hundreds of megabases, e.g. Thalassiosira) and green algae (typically hundreds of megabases), but not so than some other phytoplankton (e.g. dinoflagellates, which contain 1-250 gigabases) or metazoans (e.g. fertilized eggs of Oikopleura sp.) (Seo et al., 2001; Grabowska-Joachimiak et al., 2006; Hou and Lin, 2009) . As rDNA copy number is positively related to genome size (Prokopowich et al., 2003) , the relatively large genomes of B. papyrifera can partially explain why this genus is more highly represented in the copepod diet 18S rDNA libraries than diatoms and other common phytoplankton, but not why it is more highly represented than other potential diet organisms such as Oikopleura and dinoflagellates. All this suggests that a larger amount of Broussonetia-derived detritus than other diets might have been ingested by copepods. The genus Broussonetia is an important constituent in eastern Asia, and is abundant on Sanya Island (Zheng et al., 2002) .
The three copepods in this study are different in body size, and S. subcrassus is generally considered a carnivore. Yet, they all ingested land plant materials, which consistently accounted for a relatively large proportion in the 18S rDNA clone libraries. How much carbon or nutrition value these ingested plant materials provided, and how much of the ingested materials was assimilated need to be determined in the future before we can accurately assess the contribution of land plant detritus to copepod diets. While assessing the assimilation rate, digestion rate of each prey species should also be estimated so that we can investigate whether the high representation of land plant materials in the diet 18S rDNA clone libraries could be due to strong resistance of ingested pollen grains to digestion and/or preferential digestion of other ingested prey items. Nevertheless, there is a good potential that our results indicate that copepods in Sanya coastal waters, where phytoplankton are not abundant, apply an "opportunistic feeding" strategy. This strategy was observed in a coastal embayment when the standing stock of particles varied with phytoplankton seasonality, to take advantage of abundant particles to sustain their food intake (Mckinnon et al., 2005) . Utilizing detritus can not only subsidize zooplankton production in coastal waters where phytoplankton biomass is limited, but can also accelerate the biogeochemical cycles of carbon along the food chain (David et al., 2006) . Overall, more in situ diet analyses are needed to understand the true trophic linkages among different organisms in coastal ecosystems, and further experimentation is necessary to understand the contribution of terrigenous POM to secondary production and the role of copepods in POM recycling in coastal waters like Sanya Bay.
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